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Solid oxide proton conductor holds significant promise as the electrolyte because of its enhanced ionic conductivity at reduced operating temperature 8, 9 . In conventional solid oxide proton conductors (e.g. perovskite BaZr0.8Y0.2O3−δ) 11, 12 , the existence of oxygen vacancy is the prerequisite condition to incorporate hydrogen into the form of hydroxide anion (the left panel of Fig. 1a) , in which the vibration of H-O bond activate the proton transportation through the hopping mechanism at elevated temperature. However, the proton content in this case is strongly limited by the concentration of oxygen vacancy, which is typically in the order of a few percent. Recently, a new type of proton conductor was reported in the form of protonated perovskite nickelate (HSmNiO3, or HSNO) 14 , whose crystal lattice can host a great number of protons without the requirement of oxygen vacancy, as shown in the right panel of Fig. 1a . However, the proton conductivity of this compound is limited to a notable value of ~0.01 S•cm -1 at the intermediate temperature region (~500 o C), probably due to the insufficiency of vacant sites to assist the ionic hopping 15, 16 . Hence, the main challenge still remains, and inspires us to seek for novel mechanisms and material model systems with superior ionic conductivity at lower temperature (in particular around room temperature) region.
Here, we report a conceptually new solid oxide electrolyte, protonated brownmillerite strontium cobaltite (i.e., HSrCoO2.5 (HSCO)), as shown in Fig. 1b . The significance of such material is its intrinsically ordered vacancy channels 17, 18 , which provide an optimal condition for the intercalation and diffusion of protons within the crystal structure. By successfully overcoming the limitations of both proton concentration and vacant site, HSCO exhibits a dramatically improved proton conductivity with small ionic activation energy (0.27 eV) around room temperature region.
In this study, HSCO thin films with different thicknesses were obtained through protonating the as-grown SrCoO2.5 (SCO) thin films using a recently demonstrated ionic liquid gating (ILG) method 18 . With confirmed high-quality protonated HSCO samples ( Supplementary Figs. 1 and 2) , we carried out impendence spectroscopy measurements to investigate its intrinsic proton conductivity (Method Section and Supplementary Fig. 3 ). The measurements were carried out with temperature up to Fig. 4 ). The Nyquist plots of the impedance data ( Fig. 1c) clearly exhibit a linear relationship between the real and imaginary parts with the slope of ~1 at low frequency region, which indicates the polarization of electrode 19 on account of the protonic diffusion at the triple-phase boundary around the anode. At high frequency region, the plots develop into semi-circles mainly due to the proton conductivity of HSCO. By fitting the impendence spectra with the equivalent circuit shown in Supplementary Fig. 5 , the temperature dependent proton conductivity of HSCO was exacted and plotted with the ionic conductivities of other electrolytes in Fig.   1d . Excitingly, the observed proton conductivity in HSCO at low temperature region (room temperature to 140 o C) is much larger than that of HSmNiO3 14 and other solid oxide electrolytes at even much higher temperature region [20] [21] [22] [23] (Fig. 1d) .
Moreover, the proton conductivity ( ) in HSCO is dramatically enhanced with the increasing of temperature and nicely follows the Arrhenius relationship, = 0 exp ( − ), where kB is the Boltzmann constant, and T is the absolute temperature.
Accordingly, the activation energy ( ) is estimated as 0.27 eV, comparable with that of HSNO (~ 0.3 eV) 14 Furthermore, the electronic conductivity σe of HSCO was measured and estimated to be two orders of magnitude smaller than the proton conductivity σi (Fig. 1d and Method Section), which is attributed to the enhanced electronic band gap in HSCO due to the suppressed Co-O hybridization (Supplementary Figs. 10 and 11 and Supplementary information section 2). We note that such distinct difference between ionic and electronic conductivity is essential to prevent the occurrence of electronic current leakage along with ionic transportation.
As shown in Fig. 1b , the high proton conductivity and low activation energy in the HSCO can be attributed to the intrinsically enhanced proton concentration as well as structurally ordered oxygen vacancy channels. To reveal the proton diffusion process in HSCO, we studied the Pt-catalyzed protonation process of SCO in forming gas ( Fig.   2a and b) . During the study, the SCO thin films were partially covered with noble metal (Pt) stripes with the interval spacing of 300 μm (Fig. 2c) . It is interesting to observe that despite of the large lateral spacing, which corresponds to the diffusion length of proton, the sample changes rapidly from SCO into HSCO after short period (~240 seconds) of annealing process at 100 o C, as indicated by the change of transparency (Fig. 2c ) through bandgap modulation ( Supplementary Fig. 1 ) 18 as well as distinct XRD diffraction peaks (Fig. 2d) . We note that catalysis induced HSCO samples show very similar properties to those processed by the ILG (Supplementary Fig. 1 and 2) .
To obtain further insights for the proton diffusion, we carried out in-situ XRD studies ( Supplementary Fig. 12 ) during the pronation induced phase transformation. To the first-order approximation we can take the phase transformation time as the diffusion duration. This estimation assumes that the phase transformation is dominated mainly by the horizontal diffusion process since the sample thickness is about three orders of magnitude smaller than the lateral diffusion length. We note that this measurement would provide a lower-bound estimation of the diffusion coefficient (D) following the relation of = √ , where LD and t represent the diffusion distance (half of the interval spacing for stripes, which is 150 μm in this study) and diffusion time, respectively. Thus, the lateral diffusion coefficient at 100 o C can be estimated as 9.09  10 -7 cm 2 /s, which is much higher than that for HSNO (1.6  10 -7 cm 2 /s) at 300 o C (Ref.
14). The diffusion coefficients at other temperatures were also obtained in the same manner and then summarized in Fig. 2e . For comparison, we also calculated the proton diffusion coefficient from the measured proton conductivity (shown in Fig. 1d) according to the relationship 14 of = ( ) 2 , where c is the concentration of protons within the lattice, Z is the number of electron charge for each ion carrier, and e is the electron charge. Remarkably, the diffusion coefficients obtained by these two methods agree quite well (Fig. 2e) , which further suggests that the experimentally observed proton conductivity is indeed the intrinsic nature of the HSCO.
We note that the SCO thin film epitaxially-grown on LSAT substrate with compressive strain shows the horizontally ordered oxygen vacancy channels; while the SCO grown on DyScO3 (110)o with tensile strain shows the vertically ordered oxygen vacancy channels 26 . Thus the comparison between these two cases would provide us the direct information about the correlation between the proton diffusion and the orientation of vacancy channels. Despite the rapid phase transformation observed in the former one, the transformation driven by in-plane proton diffusion in the latter case however cannot be completed even with extended time (Supplementary Fig. 13 ), which strongly suggests that the proton diffusion process is indeed anisotropic and dominated by the orientation of the ordered oxygen vacancy channels.
To obtain further insights of the prominent proton conductivity in the HSCO, we performed the first-principles calculations to investigate the corresponding hydrogen transport pathway (Method Section and and temperature further suggests that the OCV is indeed due to the intrinsic process. As control experiment, a cell using as-grown SCO as electrolyte was also tested, which however fails to deliver any output at the same temperature region. Thus, the successful demonstration of the fuel-cell working principle identifies the newly discovered HSCO as an excellent proton electrolyte with broad range of applications. Furthermore, we envision that the reported protonated brownmillerite structure opens up a new avenue Fig. 5a ). For illustration purpose, a typical impedance spectrum obtained at 60 o C were presented together with the corresponding fitting in Supplementary Fig. 5b . The complex impedance data shows a straight-line at low frequency region and a semicircle at high frequency. The slope of the straightline approximately equals to 1, which represents the polarization of the electrodes. The sample resistivity or the proton conductivity can be obtained from the intersection of the semicircles with the real axis.
Measurement of the electronic conductivity in SCO and HSCO. We note that in conventional ionic conductors, their ionic conductivity as well as type of charge carriers would be very sensitive to the measurement gaseous environments, and the change of carrier would lead to strong modified activation energy 11 . Our measurements on SCO at different gaseous environments (Ar, O2 and H2/Ar) reveal almost identical temperature dependent conductivities and activation energy (0.24 eV) ( Supplementary Fig. 9 ), at the measurement temperature region from room temperature to 140 o C. With this, we further probed the protonic and oxygen ionic conductivity of SCO by using it as the electrolyte during the dual-chamber fuel cell operation, which however cannot deliver any voltage output in the same temperature region (Fig. 4b) , clearly suggesting the protonic and oxygen ionic conductivity are negligible at the measured temperature region. Furthermore, the previously theoretical study of the oxygen ionic transport in SCO revealed a much larger activation energy (larger than 0.62 eV) 28 , and experimentally the SCO can only show oxygen reduction reaction at the temperature We note that the HSCO shows almost identical conductivity at different gaseous environments of Ar, O2 and H2/Ar, which make it inappropriate to probe its electronic conductivity with the selection of gas environments as general employed in the conventional proton electrolyte. Due to the facts that the electronic conductivity of SCO layer (~0.1 S•cm -1 at room temperature) is much larger than that of the HSCO, while it is totally insulating for the proton transportation, we can probe the electronic conductivity of HSCO by measuring a sample with HSCO and SCO in series as shown in Supplementary Fig. 3h . Accordingly, the DC measurement across this device would provide a good estimation of the intrinsic electronic conductivity in HSCO, which is estimated to be 3×10 -4 S•cm -1 at room temperature, being more than two orders of magnitude smaller than that of the SCO. 
Section 1: Extended experimental evidences for the enhanced proton conductivity in HSCO.
To prove that the measured ionic conductivity is indeed the intrinsic property of the newly discovery HSCO due to its abundant proton content as well as well-ordered oxygen vacancies, we carried out a series of extended studies as discussed below.
Ruling out the contribution of ionic liquid residual. Right after the ionic liquid gating, we used acetone and isopropylalcohol to clean the surface of gated films to remove any possible residual ionic liquid, which can exclude the contribution of the ionic liquid residual at the surface to the measured conductance. Note that since the phase transformation is nonvolatile, both the cleaning and device fabrication procedures will not change the lattice structure.
Thickness dependent studies. We carried out the thickness dependent ionic conductivity measurements at samples with thicknesses of 18 nm, 40 nm, 60 nm and 100 nm, as shown in Supplementary Fig. 6 . It can be clearly seen that for all samples, the corresponding ionic conductivity measurements show almost identical temperature dependent behavior with similar proton conductivities and activation energies. As if the surface conductance is the dominated factor for the measured conductance, we would expect the ionic conductivity to be inversely proportional to the film thickness, which however is not observed here. The rather constant ionic conductivities (inset of Supplementary Fig. 6 ) for different thicknesses indeed provide direct evidence that it is an intrinsic bulk effect of this thin films.
Gaseous environmental dependent measurements. In order to further verify the intrinsic mechanism for the ionic conductivity, we carried out the control studies of the impedance spectroscopy for HSCO at different atmosphere gases of Ar, O2 and H2/Ar (Supplementary Fig. 7 ). In conventional proton electrolytes (e.g. BaZr0.8Y0.2O3-δ (BZY)) formed with diluted oxygen vacancies, the ionic conductivity is very sensitive to the gaseous environments, which was widely employed to determine the type of transporting carriers 1 . However, the obtained impedance spectra for HSrCoO2.5 show almost identical features at different gaseous environments. This seemly surprising result can be well understood by taking into the fact that a great number of protons are already present in the electrolyte, and the proton intercalation process is not required for the ionic transport. Fig. 8b ), while on the other hand the 18 O composition is almost the same between these two cases ( Supplementary Fig. 8c ), which should be attributed to the nature isotropic abundance of 18 O (0.2%). Therefore, these measurements show strong and direct evidence that the transporting ions are indeed the proton, but not the oxygen ion and OH -group.
Section 2: Theoretical discussions of the enhanced electronic band gap in protonated HSCO.
To reveal the mechanism of the enhanced electronic band gap in HSCO, we obtained the projected density of states (PDOS) for Co 3d-orbitals and O 2p-orbitals in both SCO and HSCO system through DFT calculations, as shown as Supplementary Fig. 10 . When projecting the DOS of Co atoms into their eg and t2g orbitals, we find that both eg and t2g orbitals overlap with each other among a large range of energy spectra (nearly from -7.5 eV to 2.5 eV), which suggests a strong orbital hybridization between them, and therefore these orbitals are no longer the good basis set for the wave-functions. With that, it would not be appropriate to draw directly the 3d-orbital diagrams in the current system as well- These calculated results are consistent with our experimental oxygen K-edge XAS data (Supplementary Fig. 2b ). Fig. 10 ). Therefore, it is clear that a pronounced charge redistribution would be developed between the tetrahedral and octahedral sublayers likely through the assistant of the interfacial oxygen (O
I
) located between octahedral and tetrahedral sublayers. Indeed, the partial charge distribution maps of SCO ( Supplementary   Fig. 11a) ] at the tetrahedra and octahedra, and as a result the Co atoms exhibit the same Co 2+ valence state within the lattice.
With the above discussion, we would be able to build up a scenario with ionic coupling among the charged units of (H2CoO3) 2- , Sr 2+ and (CoO2) 2-ions in HSCO. Therefore the enhanced band gap in HSCO can be attributed to its enhanced ionic nature. We note that similar phenomenon was also observed in LixFePO4 system, where the lithiation process drives the system into a highly ionic nature, and consequently the system opens up a large band gap as well 10 . Fig. 2b-d and Supplementary Fig. 12 ), we can conclude that the phase transformation from SCO to HSCO as well as the ionic conductivity in HSCO were strongly dominated by the hydrogen diffusion along the oxygen vacancy channel.
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